In comparison with the minimal supersymmetry, an extension by vectorlike fermions is able to explain the Higgs mass while retaining the grand unification. In this paper, we study the minimal vectorlike model by focusing on the vectorlike leptons. We derive the mass spectrum in the electroweak sector, calculate the effects on the Higgs physics such as one-loop radioactive correction to Higgs mass and Higgs self coupling, and address the signals of either vectorlike or neutralino dark matter. Collider constraints on the vectorlike leptons at the LHC are also briefly discussed.
I. INTRODUCTION
With the 125 GeV Higgs scalar [1, 2] established at the Large Hadron Collider (LHC), identifying the nature of this Higgs which will reveal the origin of electroweak symmetry breaking (EWSB), is one of prior tasks at this facility. In the literature, there are various classes of scenarios to naturally explain the EWSB, among which supersymmetry (SUSY) have attracted marvelous attention after the discovery of Higgs. Unfortunately, the prospective on the minimal supersymmetry standard model (MSSM) is rather pessimistic. The main reasons for this include that some of mass parameters related to the third generation of SM fermions have to be at least of order several TeVs [3, 4] , and signals of neutralino are yet observed at any facilities of dark matter direct detection [5, 6] .
In order to reduce the stress on MSSM, various extensions are advocated, of which vectorlike (VL) fermions are of special interest because of the following features.
• First of all, VL fermions are one of viable extensions which retain the perturbative unification [7, 8] similar to the next-to-minimal supersymmetric model (NMSSM).
• Secondly, the naturalness issue imposed by 125 GeV Higgs mass in the MSSM can be solved by new radioactive correction due to VL fermions with mass of order TeV scale [9] [10] [11] , which differs from the NMSSM in which the Higgs mass is corrected at the tree level.
• Finally, the strong constraint on neutralino dark matter from dark matter direct detection can be relaxed due to new neutral fermions in the VL sector.
In this paper, we will consider the minimal VL model as described in Table. I. We explore this model by focusing on the VL leptons therein, which is composed of one singlet and two doublets. In this model, the VL leptons directly couple to the Higgs doublets rather than the SM leptons, which implies that they have important roles to * Electronic address: sibozheng.zju@gmail.com
VL model Representation Minimal
1 + 5 +5 LND [9] 1 + 1 + 5 +5 VL 4th − gen [11] 1 + 5 +5 + 10 +10 play in phenomenologies of both Higgs physics and dark matter.
The paper is organized as follows. In Sec.II we introduce the minimal VL model, derive the EWSB conditions, and calculate mass spectrum in the electroweak sector for later purposes. Sec.III is devoted to estimate effects on Higgs physics, where the one-loop radioactive correction to Higgs mass and the modification on Higgs self coupling is presented in Sec.IIIA and Sec.IIIB, respectively. In Sec.IV, we will discuss dark matter physics in the presence of VL leptons. In particular, in Sec.IVA we will show the VL dark matter is excluded by large Yukawa coupling as required by the Higgs mass; whereas the parameter space of neutralino dark matter is expanded mainly due to the relaxed Higgs mass constraint. In Sec.V, the collider constraint on the VL leptons will be briefly addressed. Finally, we conclude in Sec.VI.
II. THE MODEL
In the minimal VL model, the matter content contains a singlet N , two down-type quarks D andD, and two VL doublets L andL with hyper charge 1/2 and −1/2, respectively. These matters constitute a 5 and5 representation of SU (5) consistent with SU (5) unification [7, 8] .
The superpotential for the VL lepton sector reads as,
where M L,N refer to VL masses and k and h are Yukawa coupling constants. The superpotential for MSSM is given by, Although the matter content of the minimal VL model is similar to that of NMSSM with two additional doublets [12] , they are still different, as seen from the superpotentials Eq.(1) and Eq.(2), which have an interpretation of unification.
Apart from the extension on the superpotential, the soft mass Lagrangian L soft is also expanded as,
where m L,N,D and A k,h represent soft mass parameters, and L
MSSM soft
contains MSSM soft masses such as
where small cross terms from D-terms have been ignored for simplicity. In Eq.(9) tan β, tan γ and δ are defined as
The SM expectation value for weak scale υ ≃ 246 GeV.
With the conditions of EWSB described in Eq.(9), we can directly derive the scalar and fermion mass spectrum in the electroweak sector. We refer the reader to appendix A and B for scalar mass spectrum such as CPeven, CP-odd, and CP-charged scalars, and fermion mass spectrum such as neutralinos and charginos, respectively. In the next section, we will discuss constraints on the model parameters from precision measurements on the Higgs couplings. 
+0.14 −0.13 [20] and weak scale υ [17] at 68% CL in unit of GeV.
III. HIGGS PHYSICS A. Higgs Couplings
The precision measurement on the Higgs couplings is one of major tasks at the LHC, for it reveals the pattern of EWSB in the sense that different new physics models predict different sets of Higgs couplings. In particular, LHC has verified the SM-like Higgs coupling to SM fermions such as b [14] and τ [15] as well as couplings to SM vector bosons such as W [16] . Alternatively, these measurements tell us to what extension [17] υ is deviated from its SM expectation value. Such data will be further improved in higher level of precision at the future HL-LHC [18] or ILC [19] in preparation.
The Higgs couplings to SM particles in our model are given as,
where the constant coefficients are the SM values. An orthogonal matrix O is introduced to diagonalize the CPeven mass matrix M 2 S in appendix A, with components O 1j in the SM-like Higgs scalar h 1 defined as
According to global fits to the LHC measurements on Higgs couplings, we obtain the constraints on model parameters in Eq. (11) , which are summarized in Table. II. The constraint on the weak scale suggests a small parameter range for δ, Table. II, where triangle region on the right side of green curve is in the reach of HL-LHC (14 TeV, 3ab −1 ) [18] .
which implies that the EWSB is dominated by the Higgs doublet vevs of MSSM. In this situation, it is reasonable to ignore the √ δ term in the scaling factor k W and k Z . Within the region with 10 ≤ tan β ≤ 50, a numerical scan imposed by the constraints in Table. II shows that
for the values of δ in Eq.(13).
B. Higgs Self Coupling
Apart from the precision measurements on Higgs couplings as discussed above, a probe of Higgs self interaction is also useful in identifying the EWSB. In the SM, the triHiggs and quartic Higgs coupling reads as, respectively,
The Higgs self coupling λ 3h is the key parameter to determine the SM Higgs pair production at LHC [22] [23] [24] [25] [26] , since the cross section for Higgs pair production mainly arise from gluon gluon fusion. Comparing to SM, the cross section can be significantly altered in new physics such as MSSM and NMSSM even at tree level [22, 24, [27] [28] [29] [30] ].
In our model, both λ 3h and λ 4h receive contributions from V F and V D . The contributions due to V D are given by,
As shown in Eq. (14) , we will not include them in the following analysis. Note that the results in Eq. (16) reduce to those of MSSM in the decoupling limit δ → 0,
Thus, the probe of Higgs self interaction is useful in discriminating our model from either SM or MSSM.
With constraints on component O 11 and O 12 in the Table. II, we show in Fig.1 the contour of λ 3h /λ SM 3h for tan β = 20 and O 12 = 0.05, with the shaded region satisfying all constraints in the Table. II. The ratio λ 3h /λ SM 3h is more sensitive to scaling factor δ and O 11 rather than O 12 for large tan β. It reduces to the case of MSSM with δ → 0, in which case the maximal value λ max 3h /λ SM 3h ∼ 0.52. In contrast, there is a suppression on the ratio when δ = 0. The triangle region on the right side of green curve is in the reach of HL-LHC (14 TeV, 3ab −1 ) [18] , whereas the left side will be still invisible in the foreseeable future.
C. Higgs Mass
The soft mass parameters in Eq.(3) lead to mass splitting between fermion and its scalar partner in vectorlike superfield L,L and N , which yield radioactive correction to Higgs mass. The correction to Higgs mass can be extracted via the one-loop correction to effective potential due to VL fields, which reads as [21] ,
with
2 . For simplicity, we consider the universal soft masses m L = mL = m N = m, universal VL masses M L = ML = M N = M and large tan β limit. Meanwhile, we take the good approximation v L =v L = 0. The neutral scalar mass squared matrix, which determines the mass eigenvalues M given by (see Eq.(A1))
where X k ≃ M +A k −µ cot β. The neutral fermion mass squared matrix, which gives the mass eigenvalues M 
Substituting mass eigenvalues in Eq. (19) and Eq.(20) into Eq. (18), we obtain the one-loop correction to SMlike Higgs mass
where
, with λ(y) defined as λ(y) = 4 + 2y + 2 y 2 + 4y.
As clearly seen in Eq. (21), ∆M 2 h → 0 under the degenerate mass limit x → 1 and y → 1, where the scalar and fermion masses are degenerate. Conversely, large ∆M 2 h is expected in the situation with large x and certain value of y. Fig.2 
Z . The red curves represent the minimal VL model, which are compared with the non-minimal VL model [9] as shown in black curves. In individual case, the dashed and solid one refers to the small-and large-mixing effect, respectively.
There are a few comments regarding the corrections to Higgs mass in these two VL models. First, X k /M as fixed by the condition of maximal-mixing effect is equal to 12x/5 and 2(3x − 1) in the minimal and non-minimal VL model, respectively. Second, the discrepancies between the two VL models are small (large) in the situation with maximal (small)
IV. DARK MATTER
In the MSSM with the minimal VL sector, the number of neutral fermions is seven, with four from the MSSM neutralino sector (for review, see, e.g. [31] ) and the other three from the VL sector. The mass matrix for them is shown in Eq.(B3), where the complexity can be relatively reduced by taking the decoupling limit v L =v L = 0 as favored by precise measurements on Higgs couplings. Moreover, a small but nonzero n is sufficient to yield desired decays in the VL sector, with the first-order approximation to which the mass matrix in Eq.(B3) is further divided into two separate parts -neutralino mass matrix A and VL mass matrix B.
A. VL Dark Matter
For VL dark matterχ 0 1 is decomposed as,
where for simplicity we have neglected the neutralinos in Eq.(B3). The mass matrix M χ therein is reduced to matrix B. Since all of scalars in the VL sector are decoupled, the Lagrangian in Eq.(1) most relevant on our
Constraints on the parameter space of VL dark matter with k = 1.2 and tan β = 20. The relic density of dark matter, the latest Xenon1T SI limit [40] , LUX SD constraint [41] , Z invisible decay limit [43] , and Higgs invisible decay limit [44] is shown in red, green dotted, green solid, blue solid and blue dotted, respectively. The contours of VL dark matter masses in unit of GeV are shown in gray dotted curves.
discussion is given by 1 ,
Based on the simplifications above, the VL dark matter χ 0 1 annihilation is mediated by Z boson, SM Higgs h SM and the charged fermionẼ ± . Accordingly, the annihilation final states include SM fermionsf f , ZZ, W W and
The Lagrangian in Eq. (24) shows that this VL dark matter model is a specific example of singlet-doublet dark matter [32] [33] [34] [35] [36] [37] . In our case, the Yukawa coupling k ≃ 1.1 − 1.2 due to the observed Higgs mass, and h can be effectively neglected in the parameter region with tan β ≥ 10. Thus, there are only two free parameters M L and M N . As previously shown in e.g. ref. [37] , the dark matter coupling to SM Higgs and Z boson is given 1 We write both charged and neutral fermions in 4-component notation, e.g., χ
as respectively,
. (25) Shown in Fig.3 is the constraints on the parameter space projected to the two-parameter plane of M L − M S with k = 1.2. The red curve therein refers to the relic density of VL dark matter Ωh 2 ≃ 0.12. Here, we handle the relic density of VL dark matter by the analytic method similar to ref. [37] instead of numerical treatments such as MicrOMEGAs [38] . We have used our previous analytic results in [39] , where the cross sections for dark matter annihilations into various SM final states were derived. Meanwhile, we show the latest limits on the spin-independent (SI) and spin-dependent (SD) dark matter-p/n scattering cross sections from Xenon1T [40] and LUX [41] , respectively. The SI and SD limits are projected to the plane of M L − M S by using the results σ SI ≃ c In order to be concrete we also show in Fig.3 the indirect constraints 2 due to electroweak precision measurements [42] on Z and Higgs invisible decay widths ∆Γ h,Z . The experimental bounds ∆Γ Z ≤ 2 MeV [43] and ∆Γ h ≤ 0.16Γ h [44] are shown in blue solid and blue dotted curves, respectively. ∆Γ h excludes the VL dark matter mass below M h /2.
B. Neutralino Dark Matter
Although the VL dark matter is excluded, it still has a role to play in the case of neutralino dark matter. A neutralino dark matterχ 0 i mainly arises from following components:
Its relic density is affected by the VL sector in the following ways. of VL scalars E ± . However, this channel is not kinetically allowed since the masses ofẼ ± are larger than mχ0 1 whenẼ ± share the same R-parity 3 as the neutralinoχ 0 1 . Moreover, the t and u-channel exchange of VL scalars E ± are both suppressed by large VL scalar masses 4 due to a large mount of radioactive correction to Higgs mass. Also, the VL sector can mediate new Feynman diagrams for neutralinoχ 0 1 annihilation:
• FermionsẼ ± mediate t-or u-channel Feynman diagrams for neutralino annihilation into W ± , with the neutralino-χ
• Fermionsη andη mediate t-or u-channel Feynman diagrams for neutralino annihilation into Z bosons, with the neutralino-η/η-Z vertex read as
• Fermionsη,η andÑ mediate t-or u-channel Feynman diagrams for neutralino annihilation into hh, with the neutralino-η/η/Ñ -h SM vertex in the MSSM modified by
Eq. (27) to Eq.(29) determine the deviation from ordinary neutralino, which rely on mixings betweenχ 1 0 and VL sector as described by components N i1 with i = 5 − 7. With the mass parameter range m ∼ several TeVs, the conditions of EWSB in Eq.(9) imply that n is at most of order ∼ 10 GeV and δ is less than ∼ 0.01. Thus, N i1 reaches to its maximal values in the case of higgsino-likẽ χ The first-order solution to the reduced 4 × 4 mass matrix in Eq.(B3) only composed of Higgs doublets and VL doublets is given by = 250 − 1000 GeV, the ratio δσ/σ ann varies from 6% (n = 30 GeV) to less than 0.1% (n = 5 GeV). It is sensitive to n since δσ is proportional to factor (n/µ+M L ) 4 . In the case of singlet-dominated correction, similar order of the ratio δσ/σ ann is also expected.
The modifications on neutralino relic density, SD and SI cross sections in percent level suggest that the parameter space of neutralino dark matter is mainly expanded in terms of relaxing the Higgs mass constraint e.g. by lowering the values of tan β or gaugino masses in the case of universal soft masses.
V. COLLIDER DETECTION
The VL lepton sector can be detected in different ways. If mixed with the SM leptons such as e, µ or τ , VL leptons can be constrained by mixing-relevant processes at collider constraints [47] [48] [49] . These constraints depend on both the VL lepton mass and its mixing with SM leptons. In our model, the VL leptons χ ± E (η,η) directly mix with charginos (neutralinos) rather than SM leptons, the strategy of searching them at colliders thus differs from the case of lepton mixings. The VL leptons can be produced via chargino (neutralino) decay when their masses are beneath chargino (neutralino) masses. or they just imitate the electroweak productions of charginos (neutralinos), The main difference between these two processes are that the cross section for the former case depends on both the VL lepton masses and their mixings with chargino or neutralinos, while the cross section for the later one mainly relies on the VL lepton pair masses. Here, we stick to the later case, in which the main final states contain lepton pairs composed of χ We will discuss the prospect on this class of signals at HL-LHC elsewhere in detail.
VI. CONCLUSION
In this paper, we have studied the minimal VL model from conventional grand unification. The key feature in such model is that the VL leptons only couple to the Higgs doublets rather than mix with SM leptons. Therefore, they have important roles to play in the phenomenologies of both Higgs physics and dark matter.
For the Higgs physics, we have used the LHC bounds on the Higgs coupling constants to constrain the vevs restored in the VL sector, the magnitude of which are found to be small. Consequently, the magnitudes of the mixing effects between the Higgs doublets and the VL sector controlled by the vevs are small as well, leading to small deviation in the Higgs self coupling from the MSSM expectation. We also used the observed Higgs mass to constrain the other model parameters in the VL sector. The fit reveals that both large Yukawa coupling constant k ∼ 1.1 − 1.2 and large mass splitting of order one in the VL sector are required to uplift the Higgs mass.
Having obtained the first-hand information about the model parameters, we continued to address the dark matter phenomenology. We found the large Yukawa coupling k excludes the possibility of VL dark matter. For it gives rise to too large dark matter coupling to the Higgs to evade the Xenon1T limit. Nevertheless, they are still useful to reduce the stress on the neutralino dark matter by relaxing the constraint on Higgs mass. In order to be complete, we briefly discuss the constraints on such VL leptons at the LHC. Unlike the SM lepton mixing-relevant processes, VL leptons can be produced via the decays of charginos and neutralinos, or just imitate the electroweak productions of them. The prospect on the second class of productions at the HL-LHC deserves more detailed studies.
where D-term contributions have been neglected. After diagonalizing the matrix M 2 S , we obtain five physical neutral scalars, one of which severs as the SM-like Higgs boson h with mass 125 GeV [1, 2] .
CP-odd Scalar
In the basis φ T A = (H uI , H dI , η I ,η I , N I ) the matrix elements for CP-odd scalars in the Lagrangian
are given by,
where the D-term contributions have been neglected. Under the decoupling limit v L =v L = 0 and n = 0, scalar η I ,η I and N I decouple from H uI and H dI , which results in the well known result DetM 2 A = 0.
CP-charged Scalar
In the basis φ 
Under the decoupling limit v L =v L = 0 and n = 0, scalar E + and E − * decouple from the others, due to which one recovers the relation DetM where s β = sin β, c β = cos β, s γ = sin γ and c γ = cos γ.
Neutral Fermions
In the basis ψ 
